Introduction
============

Type 2 diabetes mellitus is associated with a wide array of dysfunctions resulting from complex interactions between genetic and environmental risk factors.^[@bib1],[@bib2]^ Numerous attempts have been made to identify the candidate genes by genome-wide association studies and using DNA microarray analysis.^[@bib3],[@bib4],[@bib5]^ Understanding the identity of potential drug targets in the early stages of biomedical research is of great importance for the development of drugs with a high efficacy.^[@bib6],[@bib7],[@bib8]^ The advent of promising biotechnologies such as microarray, proteomics, next-generation sequencing, and other platforms made it possible to identify candidate genes that show marked differences in disease states.^[@bib4],[@bib9],[@bib10],[@bib11]^ Furthermore, system biology is an emerging approach, which permits us to understand some of the unknown biological links among them^[@bib12],[@bib13]^ and is more advantageous for selecting candidate genes. However, a major obstacle is clearly distinguishing between "candidate" and "therapeutic relevant" genes, which arguably remains as a major challenge in drug discovery research.^[@bib7]^

A nonviral *in vivo* nucleic acid delivery technology that can effectively silence a specific gene would be highly desirable, in that it would represent a new molecular biological technology alternative to knockout mice and short hairpin RNA expression adenovirus vectors. Since the appearance of RNA interference in mammalian tissue,^[@bib14]^ a great deal of research has been done to deliver chemically synthesized small interfering RNA (siRNA) into various tissues.^[@bib15],[@bib16],[@bib17],[@bib18],[@bib19]^ Most of these studies focused on a generation of new therapeutic applications, namely, Nanomedicine; however, the siRNA delivery technology would be more beneficial, in particular, in the early stage of drug discovery, in that it can essentially speed up the target selection via a combination with various omics technologies as described in the above.

Here, we propose an interdisciplinary approach with a DNA microarray and a nonviral siRNA delivery system, which has an impact on target selection in the early stage of drug discovery. The first is the DNA microarray-based extraction of a candidate gene that plays essential roles in the progression of type 2 diabetes. The second is an *in vivo* phenotypic assessment via a liver-specific siRNA delivery system, recently developed in our laboratory,^[@bib20]^ for evaluating the responsibility of candidate gene on the onset of diabetes. Efficacy can be evaluated by measuring some important serum biochemical parameters such as glucose and some lipids. Such an approach would be particularly useful in dealing with complex and multifactorial diseases, such as type 2 diabetes, a disease that can be readily evaluated based on elevated serum parameters such as glucose levels. Using the advantage of this approach, we found that the increase of monoacylglycerol *O*-acyltransferase 1 (*Mogat1*) expression in liver is responsible for the early onset of type 2 diabetes associated with hepatic steatosis and obesity.

Results
=======

DNA microarray-based selection of a potential target responsible for type 2 diabetes
------------------------------------------------------------------------------------

DNA microarray analyses were performed in order to enrich candidate genes in the progression of type 2 diabetes. The scheme shown in **[Figure 1](#fig1){ref-type="fig"}**, outlines the two steps involved in candidate gene enrichment. The first step is to enrich entities that are markedly different between pre-(4w) and post-(11w) diabetic (KKAy) mice. The same procedure was then used to extract entities in response to aging in normal (C57BL/6) mice. The second step involves comparing the two entities\' set, a process that results in a substantial enrichment in gene candidates that are exclusively involved in the progression of type 2 diabetes, but not of aging. As shown in **Supplementary Figure S1a**, 526 and 759 entities were up- and downregulated in post- compared to prediabetic mice. On the other hand, 163 and 732 entities were up- and downregulated in 11w compared to 4w normal control mice. When we compared the 526 and 163 entities that were upregulated in diabetic and normal mice, 113 entities appeared in both, indicating that these overlapped entities were upregulated in response to aging. Therefore, 413 (78.5%) of 526 were determined to be diabetes-dependent upregulated entities (**[Figure 1](#fig1){ref-type="fig"}**). In the same way, 453 (59.7%) out of 759 were diabetes-dependent downregulated entities (**Supplementary Figure S1b**). Gene ontology analyses revealed that entities associated with lipid metabolic process were functionally enriched in both diabetes-dependent up- and downregulated entities (**Supplementary Tables S1 and S2**). These results clearly indicate that dysfunctional alteration of lipid metabolism in liver may be responsible for the onset of type 2 diabetes. Further analysis showed that, of 959 entities annotated with the Gene Ontology (GO) term lipid metabolic process (GO: 0006629), 46 and 62 were overlapped with diabetes-dependent up- and downregulated entities, respectively (**Supplementary Figure S1c**). The diabetes-dependent up- and downregulated entities annotated with lipid metabolic process were listed in **Supplementary Tables S3 and S4**, respectively.

Among the diabetes-dependent upregulated entities associated with lipid metabolism (**Supplementary Table S3**), we focused on monoacylglycerol *O*-acyltransferase 1 (*Mogat1*) because it was reported to be involved in triglyceride biosynthesis and hepatic steatosis,^[@bib21],[@bib22],[@bib23]^ however, there are few reports regarding the role of the gene in the progression of type 2 diabetes. The expression of *Mogat1* mRNA in the liver of postdiabetic KKAy mice (11w) was 3.8-fold higher than that of prediabetic KKAy mice (4w), whereas only marginal age-dependent elevation (1.4-fold) was appeared in the normal control mice (C57BL/6; **[Figure 2a](#fig2){ref-type="fig"}**). Hepatic *Mogat1* expression was also increased in two other insulin-resistant mouse models, namely, *db/db* (31-fold increase compared with *db/black*) and diet-induced obesity (2.7-fold increase compared with normal control C57BL/6; **[Figure 2b](#fig2){ref-type="fig"}**,**[c](#fig2){ref-type="fig"}**). Since acyl-CoA:monoacylglycerol acyltransferase (MGAT) activity is best known for its role in intestinal fat absorption,^[@bib24],[@bib25],[@bib26],[@bib27]^ we examined the tissue distribution patterns of *Mogat1* and *Mogat2*, a subtype of *Mogat1*, in prediabetic KKAy mice. High levels of *Mogat1* were expressed in the kidney, stomach, adipose tissue rather than the liver, while *Mogat2* was expressed at high levels in the small intestine and kidney (**Supplementary Figure S2**), indicating that the significant elevation of *Mogat1* expression in liver accompanies the progression of diabetes, although its expression in normal liver was maintained at a low level.

*In vivo* functional analysis of hepatic *Mogat1* via a single injection of nonviral siRNA delivery system
----------------------------------------------------------------------------------------------------------

We performed *in vivo* phenotypic analyses via a liver-specific nonviral siRNA delivery system to determine whether the silencing of hepatic *Mogat1* would result in changes in serum parameters related to diabetes. A new pH-sensitive cationic lipid-based nanoparticle, which was designed in our laboratory,^[@bib20]^ was used to deliver siRNA against *Mogat1* (siMogat1) to the livers of prediabetic mice. A single injection of siMogat1 nanoparticles via the tail vain (3 mg/kg) resulted in a significant knockdown of the hepatic *Mogat1* gene for a period of up to 9 days (**[Figure 3a](#fig3){ref-type="fig"}**). We noted that significant knockdown was still observed on Day 12 (43% knockdown compared with nontreatment; **Supplementary Figure S3**). The siRNA delivery system was highly liver specific, since almost 90% of the total injected dose had accumulated within 2 hours after the injection (**[Figure 3b](#fig3){ref-type="fig"}**). A significant knockdown of *Mogat1* was observed only in liver; however, slightly decreased *Mogat1* expressions were also detected in adipose tissue and the small intestine at 1 day after the nanoparticle treatment (**[Figure 3c](#fig3){ref-type="fig"}**). Blood glucose monitoring demonstrated an improvement in glucose levels in prediabetic (**[Figure 3d](#fig3){ref-type="fig"}**), but not control C57BL/6 mice (**[Figure 3e](#fig3){ref-type="fig"}**), suggesting that hepatic *Mogat1* expression is involved in the elevated blood glucose levels of KKAy mice; however, the improved blood glucose levels by a single injection of siMogat1 were transient.

Preventive effects of hepatic *Mogat1* silencing on type 2 diabetes by repeated injection
-----------------------------------------------------------------------------------------

We next, examined the preventive effects of long-term hepatic *Mogat1* silencing in order to estimate future therapeutic opportunities for treating type 2 diabetes (**[Figure 4a](#fig4){ref-type="fig"}**). For the pharmacological study, we treated KKAy mice at 5 days intervals for a total of 21 days by the intravenous injections of siMogat1- and siLuc-loaded nanoparticles at a dose of 2 mg/kg in order to decrease the possibility of undesired toxicity due to the repeated overdose administration. We noted that the blood glucose levels in the fed state of siMogat1 and the siRNA against luciferase (siLuc)-treated groups before the nanoparticle treatment (Day 0) were 234 ± 36 and 240 ± 34 mg/dl, respectively. Hepatic *Mogat1* silencing resulted in significantly improved blood glucose levels for at least 5 days after the last injection (**[Figure 4b](#fig4){ref-type="fig"}**). The blood glucose level was considered to be better controlled by insulin in the siMogat1-treated mice, as evidenced by lower serum insulin levels 6 days after the last injection of siMogat1 (**[Figure 4c](#fig4){ref-type="fig"}**). On the other hand, serum adiponectin, which enhances overall insulin sensitivity,^[@bib28]^ was significantly increased (**[Figure 4d](#fig4){ref-type="fig"}**), indicating that hepatic *Mogat1* silencing has an essential effect in preventing type 2 diabetes. Furthermore, we examined ectopic fat deposition in livers, since of MOGAT enzymes affect triglyceride production, which is the final product of the monoacylglycerol pathway.^[@bib24],[@bib25]^ A confocal imaging study showed that fat accumulation in liver was substantially reduced in siMogat1-treated mice (**[Figure 4e](#fig4){ref-type="fig"}**). This result is entirely consistent with the quantification of hepatic triglyceride contents (**[Figure 4f](#fig4){ref-type="fig"}**). In addition, the serum triglyceride and cholesterol levels were significantly decreased after the siMogat1 treatment (**[Figure 4g](#fig4){ref-type="fig"}**). Furthermore, the increase in body weight and epididymal fat mass in the siMogat1-treated mice was significantly lower than those in control mice (**Supplementary Figure S4**), indicating that the long-term silencing of hepatic *Mogat1* produced a better pharmacological effect in terms of not only type 2 diabetes, but also improvement in fatty liver and obesity as well.

Toxicological study of single or repeated injection of nonviral siRNA-loaded nanoparticles
------------------------------------------------------------------------------------------

Finally, we evaluated some toxicities of siRNA-loaded nanoparticles used in this study. Pathological examination in livers showed that no apparent increase in the number of mitosis was found (**[Figure 5a](#fig5){ref-type="fig"}**), indicating that prominent liver damage was pathologically undetectable at 1 day after the injection of siRNA-loaded nanoparticles. In addition, both of serum creatinine and lactic dehydrogenase levels, an indicator of kidney and overall organ toxicity, respectively, were not significantly different (**[Figure 5b](#fig5){ref-type="fig"}**,**[c](#fig5){ref-type="fig"}**). Furthermore, the monitoring of serum aspartate aminotransferase and alanine aminotransferase levels showed that cumulative and acute toxicity was not observed throughout the examination period (**[Figure 5d](#fig5){ref-type="fig"}**,**[e](#fig5){ref-type="fig"}**), indicating that the toxicity of the siRNA delivery system was negligible in a single or repeated injection.

Discussion
==========

A great deal of effort has been expended in attempts to discover novel targets in both academic and pharmaceutical settings with many kinds of innovative technology. A recent report demonstrated that 435 drug targets in the human genome have been identified and approved by the FDA until 2009.^[@bib7]^ However, this number represents only about 2% of all human genes,^[@bib29]^ and no apparent increase in the number of drugs with novel target gene has been reported over the last 30 years,^[@bib7]^ suggesting that we need to design a new strategy to break the existing problem. Actually, a tremendous number of efforts have been made to find a novel therapeutic target in various diseases such as type 2 diabetes and obesity,^[@bib9],[@bib30],[@bib31]^ and cancer^[@bib32]^ by "genome-wide" gene expression analyses and associated studies. Some of them used a transgenic and knockout technology to test the efficacy of candidate targets in an *in vivo* setting^[@bib9],[@bib30]^; however, the generation of these mice is time consuming, very expensive, and labor-intensive, and sometimes leads to the production of lethal embryonic phenotypes, making it difficult to simultaneously identify and functionally validate gene candidates. In addition, Kodama *et al*.^31^ used a specific antibody to target a protein; however, such functional analyses are strictly limited by its cellular localization. On the other hand, adenovirus-mediated gene transfer or small hairpin RNA is a powerful tool to perform gain or loss of function studies in an *in vivo* setting, however, the generation of these vectors in each target gene appears to be time consuming and labor intensive. Thus, a new strategy will be required to analyze any candidate target in an *in vivo* setting with a relatively short term and low cost.

In this study, we found that numerous genes (\>1,200 entities) were differentially expressed in the liver between pre- (4w) and postdiabetic (11w) KKAy mice (**Supplementary Figure S1a**). It has been reported that the gene expression profiles in livers of normal rats were considerably altered in an age and sex dependent manner.^[@bib33]^ Therefore, the differential gene expression was attributed to both disease and age. In order to identify the candidate genes responsible for the onset of diabetes, we also examined the liver gene expression profiles in 4w and 11w of normal control (C57BL/6) mice, and then, removed the overlapped entities (113 and 306 of up- and downregulated entities, respectively) associated with age (**[Figure 1](#fig1){ref-type="fig"}** and **Supplementary Figure S1b**). Furthermore, GO analysis revealed that the genes annotated with lipid metabolic process were functionally enriched in both diabetes-dependent up- and downregulated entities (**Supplementary Tables S1 and S2**). From this result, we focused on the genes associated with lipid metabolic process and identified *Mogat1* as a potential target gene. In these microarray data analyses, the subtraction of age-dependent alteration of gene expression profiles is a crucial step for the extraction of an appropriate candidate gene, since the pathological interpretation of microarray data might be complicated by the genes relevant to age. Actually, GO analysis using the entities selected by comparison between 4w and 11w KKAy mice without the subtraction of age-dependent genes revealed that the genes annotated with cell cycle and mitosis were functionally enriched in the downregulated entities, although the genes associated with lipid metabolic process were representative in the upregulated entities (**Supplementary Table S5**). Even though there is still limited information of the microarray data on the biological and pathological importance of the candidate genes due to one set of microarray analysis, the approach surely has potential benefits as a method for high throughput screening of the candidates of therapeutic target.

*Mogat1* was originally identified in mice as a microsomal enzyme that catalyzes the synthesis of diacylglycerol and triacylglycerol.^[@bib21]^ MGAT activity was the highest in the small intestine and lower in the liver in normal mice. However, hepatic *Mogat1* expression was increased depending on the progression of type 2 diabetes (**[Figure 2a](#fig2){ref-type="fig"}**), and the expression was also higher in other model mice (**[Figure 2b](#fig2){ref-type="fig"}**,**[c](#fig2){ref-type="fig"}**). It was known that MOGAT1 is involved in an alternative pathway for triglyceride biosynthesis and contributes to, at least partially, hepatic steatosis and insulin resistance in 1-acylglycerol-3-phosphate-*O*-acyltransferase 2 (*Agpat2*) deficient mice.^[@bib34],[@bib35]^ A recent study also demonstrated that the hepatic MGAT pathway was active in nonalcoholic fatty livers of human subjects.^[@bib22]^ In addition, Lee *et al.*^[@bib23]^ recently reported that the MGAT pathway induced by hepatic peroxisome proliferator-activated receptor-γ plays an important role in the development of hepatic steatosis during diet-induced obesity. These reports and our findings indicate that *Mogat1* might be a potential therapeutic target gene in type 2 diabetes as well as hepatic steatosis and obesity.

In order to evaluate the responsibility of *Mogat1* expression in liver on the onset of diabetes, we utilized the liver-specific *in vivo* siRNA delivery system.^[@bib20]^ We found that the systemic administration of siMogat1 via a lipid nanoparticle resulted in a significant reduction of *Mogat1* expression in liver and transiently, but significantly, improved blood glucose levels in the fed state in prediabetic KKAy, but not in C57BL/6 mice (**[Figure 3d](#fig3){ref-type="fig"}**,**[e](#fig3){ref-type="fig"}**). The lower effect in normal control mice may be due to the low level of *Mogat1* expression in the normal liver. The effect was more prominent with a long silencing via repeated injections of siMogat1 (**[Figure 4b](#fig4){ref-type="fig"}**). Interestingly, silencing of hepatic *Mogat1* also resulted in decrease in the amount of triglyceride in the liver (**[Figure 4e](#fig4){ref-type="fig"}**,**[f](#fig4){ref-type="fig"}**) and serum (**[Figure 4g](#fig4){ref-type="fig"}**), even though MGAT pathway is considered to be an alternative pathway to produce diacylglycerol and triacylglycerol. Furthermore, the knockdown of hepatic *Mogat1* inhibited in increase of body weight and fat mass (**Supplementary Figure S4**). These results are in agreement with the recent report.^[@bib23]^ Lee *et al.* demonstrated that the knockdown of hepatic *Mogat1* via an adenoviral shMogat1 improved high fat diet-induced hepatic steatosis and glucose tolerance as well as reduced body weight. Based on the different viewpoints and approaches, they (and we) focused on hepatic *Mogat1* expression in the disease mouse model and showed the pathological responsibility of hepatic *Mogat1* using the viral or nonviral gene silencing techniques. Further investigations will be necessary to completely understand how hepatic *Mogat1* is associated with the progression of diseases such as type 2 diabetes and obesity. We strongly believe that the strength of the interdisciplinary strategy is quick and direct evaluation of therapeutic relevance by monitoring serum parameters and phenotypic differences in the early stage of target selection. Although it is also necessary to examine the pharmacodynamics and pharmacokinetic properties of the nanoparticles including clearance or elimination half-life in more detail, these *in vivo* data will surely drive to minute mechanistic analysis both *in vitro* and *in vivo* for deciding the mechanism of action on hepatic *Mogat1*.

Furthermore, the strategy provides a light for innovative nanomedicine for type 2 diabetes and obesity if the safety issue is guaranteed in preclinical settings. The siRNA delivery system used in this study permits repeated injections without severe toxicity (**[Figure 5a](#fig5){ref-type="fig"}**--**[e](#fig5){ref-type="fig"}**), demonstrating a positive light for preclinical studies.

In conclusion, hepatic *Mogat1* expression is responsible for the early onset of type 2 diabetes as well as hepatic steatosis and obesity, and the inhibition of MGAT pathway for alternative triglyceride biosynthesis should be an innovative drug target for these metabolic disorders. The interdisciplinary approach involving the use of nanobiotechnologies and nonviral *in vivo* siRNA delivery systems is having a deep impact on target selection in the early stage of drug discovery. In particular, the change in use of nonviral siRNA delivery system from therapeutic purposes to target selection process with combination of nanobiotechnologies, allows us to have great benefits in the early stage of drug discovery in a relatively short term and low cost, if the synthesized siRNAs of interest can be obtained. The paradigm shift in the use of siRNA delivery system will be more frequent in the future for speeding up target discovery with high therapeutic opportunities and the subsequent drug development process.

Materials and methods
=====================

*Animals.* KKAy, C57BL/6J, *db/db*, and diet-induced obesity mice were obtained from CLEA (Tokyo, Japan). All mice used in this study were males and were maintained on a 12-hour light--dark cycle and fed a standard rodent chow. Diet-induced obesity mice were fed a diet containing 60% fat (Research Diets, 58Y1, PMI Nutrition International (Richmond, IN)) for 14 weeks. The experimental protocols were reviewed and approved by the Hokkaido University Animal Care Committee in accordance with the guidelines for the care and use of laboratory animals.

*DNA microarray analysis.* RNA was extracted from livers of 4- and 11-week-old KKAy and C57BL/6J mice using the RNeasy Mini Kit (QIAGEN, Venlo, Netherlands). Mice were fasted overnight (13.5 hours) before sampling. Four RNA samples from each group were pooled into a single sample. The integrity of the pooled RNA samples was evaluated using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). Preparation of cRNA and hybridization of whole mouse genome arrays (G4122F) were performed duplicate according to the manufacturer\'s instructions (Agilent). Gene expression data were analyzed using the GeneSpring GX 12 software program (Agilent) and an entity that was considered to be expressed in a particular experimental condition was analyzed. The results have been deposited in the Gene Expression Omnibus MIAME-compliant database (<http://www.ncbi.nlm.nih.gov/geo/>. Accession number: GSE36412). GO analyses were conducted using the Database for Annotation, Visualization and Integrated Discovery (<http://david.abcc.ncifcrf.gov>).

*RNA extraction and reverse transcription PCR analysis.* RNA was extracted from mouse tissues using the TRIzol Reagent (Life Technologies, Carlsbad, CA). cDNA was prepared from 1 µg of RNA using the high-capacity RNA-to-cDNA Kit (ABI, Foster City, CA), according to the manufacturer\'s instructions. The resulting cDNA was diluted, and a 5 µl aliquot was used in a 20 µl PCR reaction (SYBR Green; TOYOBO, Osaka, Japan) containing specific primer sets at a concentration of 250 nmol/l each. Primers for the experiment were as follows: *Mogat1* forward, 5′-TGCCCTATCGGAAGCTGATCTACA; reverse, 5′- AGGTCGGGTTCAGAGTCTGCTGA; *Actb* forward, 5′-GAAGGAGATTACTGCTCTGG; reverse, 5′-ACACAGAGTACTTGCGCTCA; *Rn18s* forward, 5′-GGTAACCCGTTGAACCCCAT, reverse 5′- CAACGCAAGCTTATGACCCG. PCR reactions were run in duplicate and quantified using the Mx3005P real-time QPCR system (Agilent). Cycle threshold (Ct) values were normalized to β-actin expression or 18S ribosomal RNA expression (only used in **Supplementary Figure S3**) and the results are expressed as the fold change in mRNA compared with control mice.

*Lipid nanoparticle formulations.* The sequences for the sense and antisense strands of the siMogat1 and siLuc are as follows: siMogat1 sense, 5′-CCGGGUCACAAUUAUAUAUUUdTdT; antisense, 5′-AAAUAUAUAAUUGUGACCCGGdTdT; siLuc sense, 5′-GCGCUGCUGGUGCCAACCCdTdT; antisense, 5′-GGGUUGGCACCAGCAGCGCdTdT. The siMogat1 and siLuc were obtained from Hokkaido System Science (Sapporo, Japan). The gene silencing effect of siMogat1 was confirmed in primary hepatocyte of KKAy mice (**Supplementary Figure S5**). Primary hepatocytes were prepared as described previously.^[@bib36]^ Lipid nanoparticle formulations of siRNA were prepared using YSK05, novel pH responsive cationic lipid.^[@bib20]^ The lipid nanoparticles were composed of YSK05, cholesterol, and mPEG-DMG, in molar ratios 70:30:3. siRNAs were formulated in lipid nanoparticles at a total lipid-to-siRNA weight ratio of \~12:1. The siRNA concentration and encapsulation efficiency was determined using the RiboGreen Assay. In brief, formulated lipid nanoparticles were diluted in 10 mmol/l hepes buffer at pH 7.4 and RiboGreen in the presence or absence of 0.1 w/v% TritonX-100. Fluoresence was measured on a spectrofluorometer (Enspire 2300 multilabel Reader, PerkinElmer, Waltham, MA) with excitation and emission wavelengths of 495 and 525 nm, respectively. Particle size and surface charge density measurements were performed using a Zetasizer Nano ZS instrument (Malvern, Worcestershire, UK). The mean particle sizes were 80--90 nm and 80--90% of the siRNA was encapsulated within the lipid nanoparticles.

*Lipid nanoparticle-mediated gene silencing.* Prediabetic (4--5-week-old) KKAy and C57BL/6J mice were injected via the tail vein with siMogat1 or siLuc at a dose of 2 or 3 mg/kg body weight, respectively. In the case of preventive studies, prediabetic KKAy mice were treated with either siMogat1 or siLuc (2 mg/kg) on every 5 days. Histological and biochemical analyses were performed on the sixth day after the last injection.

*Biodistribution experiment in mice.* Radiolabled nanoparticles incorporated with ^3^H-CHE lipid were administered at a siRNA dose of 3 mg/kg via tail vein injection in prediabetic KKAy mice. At 2 hours after the injection, mice were sacrificed and various tissues were collected and solubilized in 2 ml of Soluene-350 overnight at 55 °C. All samples were decolorized by treatment with H~2~O~2~. The radioactivity was determined by liquid scintillation counting (LSC-6100; ALOKA, Tokyo, Japan) after adding 10 ml of scintillation fluid (Hionic fluor; PerkinElmer) to the scintillation vials. Tissue accumulation is represented as the percent of the initially injected dose (%ID/tissue).

*Metabolic studies.* Monitoring of normal blood glucose levels was performed at the same time point on each day. Blood glucose values were determined using an Accu-Check Compact Plus (Roche, Indianapolis, IN).

*Confocal imaging studies of livers.* Liver tissues were cut into thin sections (around 200 μm) using a microslicer (DSK-1000, DOSAKA-EM, Kyoto, Japan) and these sections were then stained with boron-dipyrromethene (Life Technologies), Rhodamine-labeled phalloidin F-actin (Life Technologies) and Hoechst 33342 (Dojindo, Kumamoto, Japan) for an hour. After mounting the samples on glass slides, they were viewed under a confocal laser scanning microscopy with a water immersion objective lens Plan-Apo x 60/NA.

*Measurement of lipid contents in the liver.* Lipid contents in liver tissue were measured by the lipid extraction method.^[@bib37]^ Briefly, liver tissues (about 0.1 g wet weight) were homogenized at 4 °C in 5 ml of a mixture of CHCl~3~-MeOH (2:1). After adding 2.5 ml dilute sulfuric acid (0.05%), the resulting suspension was vigorously vortexed and centrifuged at 10,000 rpm at 4 °C for 10 minutes. The chloroform layer containing total lipid was dried and the pellet was dissolved in EtOH solution. The triglyceride, cholesterol, and nonesterified fatty acid concentrations were determined as the same way in plasma biochemical analyses.

*Measurement of serum biochemical values.* Blood samples were centrifuged at 10,000 rpm at 4 °C for 10 minutes to separate serum. Serum insulin and adiponectin levels were determined with enzyme-linked immunosorbent assay kits (Shibayagi, Gunma, Japan; R&D systems, Minneapolis, MN, respectively). Serum cholesterol, triglyceride, and nonesterified fatty acid, aspartate aminotransferase and alanine aminotransferase values were measured using each detection kit (Wako Pure Chemicals, Osaka, Japan). Serum creatinine and lactic dehydrogenase levels were determined with a Creatinine Assay Kit (BioVision, Milpitas, CA), and a lactic dehydrogenase color endpoint assay kit (BIOO Scientific, Austin, TX), respectively. All experiments were in accordance with manufacturer\'s instructions.

*Liver histopathology.* At 20 days after first injection of siMogat1- or siLuc-loaded lipid nanoparticles, mice were killed and perfused with saline via a portal vein to remove the blood. Then, liver tissue was corrected and fixed with 10% formalin in phosphate-buffered saline. The preparation of paraffin-embedded tissue section, hematoxylin and eosin staining and histopathological analyses were conducted by Sapporo General Pathology Laboratory (Sapporo, Japan).

*Statistics.* All results are presented as mean ± SD. Statistical significance between the multiple groups was determined by analysis of variance, followed by Dunnett\'s test. Significance between the two groups was calculated using two-tailed *t*-tests. We assign statistical significance at *P* \< 0.05.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Microarray data analyses for the extraction of potential candidate genes. **Figure S2.** Expression of *Mogat1* or *Mogat2* mRNA in several tissues of pre-diabetic KKAy mice. **Figure S3.** *In vivo* silencing of hepatic *Mogat1* expression via a systemic siRNA delivery system. **Figure S4.** Changes in body weight after siMogat1 treatment. **Figure S5.** siRNA transfection study of mouse primary hepatocytes. **Table S1.** Gene Ontology analysis of 413 entities that were up-regulated in diabetic mice **Table S2.** Gene Ontology analysis of 453 entities that were down-regulated in diabetic mice. **Table S3.** 46 entities with lipid metabolic process out of the diabetes-dependent up-regulated entities. **Table S4.** 62 entities with lipid metabolic process out of the diabetes-dependent down-regulated entities. **Table S5.** Gene Ontology analysis of the differentially expressed genes between pre- and post-diabetic mice.
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![**A workflow of DNA microarray-based approach for screening candidate genes for type 2 diabetes**. Scheme showing the steps involved in candidate gene enrichment. First, differentially expressed genes (DEGs) between pre- and postdiabetic mice are extracted. Diabetes-dependent genes are then extracted by excluding age-dependent DEGs in diabetic mice. DEGs in response to aging in normal mice are defined as age-dependent genes. Venn diagram showing overlaps in upregulated entities between diabetic and normal mice. Of the 526 entities, which were upregulated in the postdiabetic stage, 413 and 113 were determined to be diabetes-dependent and age-dependent entities, respectively.](mtna20144f1){#fig1}

![**Elevated expression of the hepatic *Mogat1* in mouse models of disease.** (**a**) Significant elevation of the hepatic *Mogat1* expression accompanied with the progression of diabetes in KKAy mice. Data are shown as relative expression levels against 4w of control mice. (**b,c**) Higher expression of the hepatic Mogat1 in (**b**) *db/db* and (**c**) DIO mice. The expression of *Mogat1* mRNA in liver was analyzed by quantitative reverse transcription PCR (*n* = 4--5). Mean ± SD are shown for all panels. \**P* \< 0.05, \*\**P* \< 0.01, Student\'s *t*-test. DIO, diet-induced obesity; *Mogat1*, monoacylglycerol *O*-acyltransferase 1.](mtna20144f2){#fig2}

![**Pharmacological effect of hepatic *Mogat1* knockdown as the result of a single injection of siRNA-loaded nanoparticles (3 mg/kg) in prediabetic KKAy mice.** (**a**) *Mogat1* mRNA levels in the liver after the intravenous injection of nanoparticles loaded with siMogat1 or siLuc (*n* = 5). (**b**) Tissue biodistribution of ^3^H-CHE-labeled nanoparticles in mice. Each mouse received a single injection of nanoparticles loaded with siMogat1 via the tail vein. Tissue biodistribution was assayed 2 hours after treatment (*n* = 4). (**c**) *Mogat1* mRNA level in other tissues 1 day after the nanoparticle treatment (*n* = 5). Monitoring of normal glucose levels of (**d**) prediabetic KKAy (*n* = 5) and (**e**) C57BL/6 (*n* = 7) mice after the nanoparticle treatment. Mean ± SD are shown for all panels. \**P* \< 0.05, \*\**P* \< 0.01 versus siLuc (**a**) and nontreatment (**c**,**d**; One-way analysis of variance followed by Dunnett\'s test). siLuc, siRNA against luciferase; siMogat1, siRNA against monoacylglycerol *O*-acyltransferase 1.](mtna20144f3){#fig3}

![***In vivo* validation of a candidate *Mogat1* gene via long-term silencing.** (**a**) Schedule of siMogat1 treatment in prediabetic KKAy mice. Serum glucose was monitored for 6 days in KKAy mice treated with four injections of siMogat1- or siLuc-loaded nanoparticles. Other histological and biochemical analyses were performed on the sixth day after the last injections (*n* = 4 and 7 for siMogat1 and siLuc group, respectively). (**b**) Improved serum glucose levels of siMogat1-treated mice. Normal blood glucose was monitored for 6 consecutive days at the same time points. (**c**) Serum insulin and (**d**) adiponectin levels. (**e**) Representative fluorescent image of decreased ectopic fat deposition in the liver. Lipid droplets, F-actin, and nuclei were stained with boron-dipyrromethene (green), rhodamine-phalloidin (red), and Hoechst 33342 (blue), respectively. Bar = 50 μm. (**f**) Hepatic and (**g**) serum lipid contents after the treatment of siMogat1 (*n* = 4--7). Mean ± SD are shown for all panels. \**P* \< 0.05, \*\**P* \< 0.01, Student\'s *t*-test. siLuc, siRNA against luciferase; siMogat1, siRNA against monoacylglycerol *O*-acyltransferase 1.](mtna20144f4){#fig4}

![**Toxicicological studies of the siRNA delivery system.** (**a**) Representative liver pictures 1 day after the treatment of siRNA-loaded nanoparticles (2 mg/kg). (**b**) Serum creatinine and (**c**) LDH levels 1 day after the treatment (*n* = 6). Monitoring on serum (**d**) ALT and (**e**) AST levels in the repeated injections of the siRNA nanoparticles. Each injection dose was 2 mg/kg, every 5 days (*n* = 5--6). Mean ± SD are shown for all panels. ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactic dehydrogenase.](mtna20144f5){#fig5}
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